Guanosines are important for biological activities through their specific functional groups that are recognized for RNA or protein interactions. One example is recognition of N 1 of G37 in tRNA by S-adenosyl-methionine (AdoMet)-dependent tRNA methyltransferases to synthesize m 1 G37-tRNA, which is essential for translational fidelity in all biological domains. Synthesis of m 1 G37-tRNA is catalyzed by TrmD in bacteria and by Trm5 in eukarya and archaea, using unrelated and dissimilar structural folds. This raises the question of how dissimilar proteins recognize the same guanosine. Here we probe the mechanism of discrimination among functional groups of guanosine by TrmD and Trm5. Guanosine analogs were systematically introduced into tRNA through a combination of chemical and enzymatic synthesis. Single turnover kinetic assays and thermodynamic analysis of the effect of each analog on m 1 G37-tRNA synthesis reveal that TrmD and Trm5 discriminate functional groups differently. While both recognize N 1 and O 6 of G37, TrmD places a much stronger emphasis on these functional groups than Trm5. While the exocyclic 2-amino group of G37 is important for TrmD, it is dispensable for Trm5. In addition, while an adjacent G36 is obligatory for TrmD, it is nonessential for Trm5. These results depict a more rigid requirement of guanosine functional groups for TrmD than for Trm5. However, the sensitivity of both enzymes to analog substitutions, together with an experimental revelation of their low cellular concentrations relative to tRNA substrates, suggests a model in which these enzymes rapidly screen tRNA by direct recognition of G37 in order to monitor the global state of m 1 G37-tRNA.
INTRODUCTION
Guanosines serve as building blocks for RNA structure and provide specific sites for RNA activity. This dual function is enabled by the diverse functional groups of the nucleoside, including the N -proton, and the 29-OH of the ribose. These functional groups contribute to both short-and longrange interactions in RNA structure and offer recognition sites for protein interaction and activity. For example, a conserved G3-U70 base pair in the acceptor stem is a marker for aminoacylation of cytoplasmic tRNA Ala (Hou and Schimmel 1988; McClain and Foss 1988; Francklyn and Schimmel 1989) , where G3 forms a long-range interaction with U70, while exposing its exocyclic N 2 -amino group in the minor groove for recognition by alanyl-tRNA synthetase (Musier-Forsyth et al. 1991) . Similarly, a G-U base pair is conserved as the defining feature for 59 splice site cleavage within group I introns, where the ribozyme recognizes the G through its exocyclic N 2 -amino group during the cleavage reaction (Strobel and Cech 1995) . Also, in the Escherichia coli peptidyl transferase center that catalyzes peptide bond formation in the large subunit of the ribosome, a conserved G2553 in the A loop interacts with conserved C75 in the CCA end of an aminoacyl-tRNA, while conserved G2251 and G2252 in the P loop interact, respectively, with C75 and C74 of the adjacent peptidyl tRNA (Yusupov et al. 2001; Valle et al. 2003) . These stabilizing interactions in the ribosome-tRNA complexes are provided by precise 5 Watson-Crick base-pairing interactions during peptide bond formation (Puglisi et al. 1997) and are involved in initiating translocation movements of ribosome complexes (Dorner et al. 2006) .
While different RNA activities often rely on different guanosine functional groups, it is unknown how the same activity, catalyzed by different enzymes, recognizes guanosine. In nature, enzymes that catalyze the same activity, but having unrelated structures, are known as analogous enzymes (Galperin et al. 1998 ), which usually evolved from different phylogenetic lineages. While relatively rare as compared with enzymes sharing homologous origins, analogous enzymes are fundamentally intriguing, because they illustrate the existence of distinct structural solutions to the conversion of substrate to product. For pharmaceutical purposes, analogous enzymes are also highly attractive, because their unrelated structures permit structure-specific (and thus species-specific) drug targeting. For these reasons, an understanding of how analogous enzymes recognize the same substrate at the atomic resolution is of high importance.
The recognition of the N 1 of the guanosine at position 37 of tRNA for synthesis of m 1 G37, a modified base 39 adjacent to the anticodon, is essential for tRNA translational fidelity by preventing frameshift errors in all three domains of life (Bjork et al. 1989; Hagervall et al. 1993; Bjork et al. 2001 ). This recognition is required for growth both for bacteria-e.g., E. coli (Baba et al. 2006) , Salmonella typhimurium (Bjork et al. 1989) , Streptococcus pneumoniae (O'Dwyer et al. 2004 )-and for eukaryotes-e.g., Saccharomyces cerevisiae (Bjork et al. 2001) . Additionally, in yeast, the m 1 G37 base is necessary to prevent mischarging of tRNA Asp with arginine (Putz et al. 1994) . In methanogenic archaea, the m 1 G37 base is important for tRNA aminoacylation by phosphoseryl-tRNA synthetase and by cysteinyltRNA synthetase Zhang et al. 2008) . The synthesis of m 1 G37-tRNA is performed by the TrmD methyltransferase in bacteria but by a structurally unrelated Trm5 in eukaryotes and in archaea (Christian et al. 2004) , providing an example of guanosine recognition by analogous enzymes. While both TrmD and Trm5 use S-adenosyl-methionine (AdoMet) as the methyl donor and recognize G37-tRNA as the substrate, they share no sequence or structural homology.
TrmD functions as a homodimer and binds AdoMet at the dimer interface in a deep-knotted trefoil-fold structure, where the methyl donor adopts an unusual bent conformation by folding the adenosine moiety toward the methionine moiety (Ahn et al. 2003; Elkins et al. 2003) . In contrast, Trm5 functions as a monomer and binds AdoMet in a straight conformation within the open-sandwich structure of the Rossmann fold that is typically involved in binding nucleotides Christian et al. 2004; Goto-Ito et al. 2008 ). Additionally, TrmD and Trm5 differ in the recognition of tRNA structure; while TrmD requires just an extended anticodon stem-loop structure, Trm5 requires the complete and intact tRNA L shape (Christian and Hou 2007) . Furthermore, the two enzymes also differ in their kinetic mechanism; while TrmD is slow in the synthesis of m 1 G37-tRNA, Trm5 is slow in the release of the m 1 G37-tRNA product (Christian et al. 2010b) . Finally, to discriminate among diverse tRNA sequences, TrmD requires the presence of a preceding G36 for synthesis of m 1 G37, whereas Trm5 does not require G36 (Redlak et al. 1997; Christian et al. 2004) . However, despite the differences shown to date, the key question of how TrmD and Trm5 recognize G37 to perform the AdoMet-dependent methyl transfer remains unknown.
To address the key question directly, we use the bacterial E. coli TrmD (EcTrmD) and the archaeal Methanococcus jannaschii Trm5 (MjTrm5) as a pair of model enzymes. Both enzymes have been extensively characterized by biochemical analysis (Elkins et al. 2003; Christian et al. 2004 Christian et al. , 2006 Christian et al. , 2010a Christian and Hou 2007) and by AdoMetbound crystal structures (Ahn et al. 2003; Goto-Ito et al. 2008 . Two aspects of guanosine recognition are of interest. First, is it feasible to probe the recognition by using analogs that contain position-specific substitutions of functional groups? While position-specific substitutions are typically achieved by chemical synthesis of RNA, this can be challenging for tRNAs with lengths in 70-90 nucleotides. Here we address the challenge by developing a method using both chemical synthesis and multipiece enzymatic ligation to replace G37 with a series of analogs. Second, is it feasible to identify guanosine functional groups specifically required in the rate-determining step of the methyl transfer reaction? The rate-determining step is the slowest step in the overall scheme of methyl transfer, affording an enzyme the highest potential to scrutinize its tRNA substrate. Here we show that, by using our previously developed single-turnover kinetic assays for both EcTrmD and MjTrm5 (Christian et al. 2006 (Christian et al. , 2010b , we can directly probe the rate-determining step. These kinetic assays are performed with an enzyme in molar excess of its tRNA, in the presence of saturating AdoMet, to ensure only one round of methyl transfer, so that the observed rate constant (k obs ) corresponds to the slowest step of the reaction. In contrast, steady-state assays are performed with molar excess of tRNA over enzyme, allowing multiple rounds of turnover, such that the meaning of the observed rate constant is obscure and cannot be clearly defined.
Using these two approaches, we show that TrmD and Trm5, while recognizing common features of G37, differ from each other by placing discernable emphasis on individual functional groups. This difference is attributable to their structural distinctions. We also show that the functional groups identified by kinetic analysis of MjTrm5 do not completely agree with those identified in the crystal structure of the MjTrm5-tRNA-AdoMet ternary complex (Goto-Ito et al. 2009 ). The discrepancy is attributable to the emphasis of the kinetic approach on probing the ratelimiting step, which may not be captured by the structural Sakaguchi et al. approach. By combining both approaches, we gain insight into a dynamic and time-dependent rearrangement of functional groups during the Trm5 synthesis of m 1 G37-tRNA. Finally, based on the observation that both TrmD and Trm5 recognize the target guanosine during ground-state binding of tRNA and that both exist in low cellular concentrations relative to their tRNA substrates, we suggest that they both use ground-state binding to screen tRNA for m 1 G37 synthesis.
RESULTS

Incorporation of guanosine analogs to tRNA
We designed a systematic approach to replace functional groups of G37 by guanosine analogs in EctRNA Leu and MjtRNA Cys (Fig. 1A,B) , the respective optimal substrates for EcTrmD and MjTrm5. These analogs included the following (Fig. 1C-G ): deoxyG (dG) for evaluation of the importance of the ribose 29-hydroxyl; 6-thioG (S 6 G) for evaluation of the O 6 of guanosine; inosine (I) for evaluation of the exocyclic 2-NH 2 ; and 2-aminopurine (2AP) for evaluation of the N 1 and O 6 of the guanine base. All but one (dG) of these analogs probed the Watson-Crick basepairing interface of G37. In addition, because TrmD requires G36 for synthesis of m 1 G37, we evaluated the effect of a methylated m 1 G36 substitution (Fig. 1H ). Each analog was introduced into tRNA by an enzymemediated ligation of shorter fragments that were generated by in vitro transcription or by chemical synthesis. Except for the intended analog, these fragments contained no other modification. In a two-piece ligation approach ( Fig. 2A) , which was used to synthesize dG37-tRNA, the sequence of a tRNA fragment encoding nucleotides 1-36 (fragment I) and the sequence of a second fragment encoding nucleotides 37-76 (fragment II) were transcribed in vitro by T7 RNA polymerase with standard NTPs. Two features were noted to reconstitute a full-length tRNA. First, transcription of fragment I was initiated with guanosine, whereas transcription of fragment II was initiated with dGMP, such that the two fragments could be joined in order by T4 RNA ligase 1, using the monophosphate of dGMP of fragment II as the primary acceptor. Driven by the facile annealing of the two fragments at their mutual complementary regions, the ligation yield was robust, as evidenced in a denaturing PAGE analysis (Fig. 2C) , where the limiting fragment II was easily converted to the full-length tRNA. Similarly high yield of two-piece ligation to reconstitute tRNA was reported previously (Sherlin et al. 2001) . For all other guanosine analogs, the incorporation into a full-length tRNA was achieved by a three-piece ligation approach (Fig. 2B ). For example, fragments I and III (encoding nucleotides 1-36 and 49-76, respectively) were prepared by T7 transcription, while fragment II (encoding an analog at position 37 in the nucleotide sequence 37-48) was prepared by chemical synthesis. The three fragments were joined in order by T4 RNA ligase 2 with the assistance of a DNA splint template. While multiple side products were obvious in the three-piece ligation approach, the yield of the full-length tRNA was usually 30%-60% as estimated from the conversion of the limiting fragment II (Fig. 2C) . Thus both ligation methods produced stoichiometric quantities of the full-length tRNA, which was purified from denaturing PAGE.
Each reconstituted full-length tRNA was verified for the incorporation of the intended analog. In one method, the analog was detected by its resistance to RNase T1, which cleaved the 39-phosphodiester linkage of structurally unhindered guanosines (Hartmer et al. 2003) . The T1 cleavage analysis was performed under conditions of limited digestion, such that each cleavage generated a fragment that migrated on denaturing PAGE according to the position of the cleaved-off G. Using a reconstituted EctRNA
Leu that was 39-end-labeled with 32 P as an example (Fig. 3A) , denaturing PAGE analysis revealed that G36 and G37 were both readily cleaved in the wild-type (wt) tRNA, along with the cleavage markers at G18 and G19 in the D loop. However, while the cleavage markers remained the same in several reconstituted tRNAs, the cleavage at position 37 was greatly reduced in the reconstituted I37-and 2AP37-tRNA, and the cleavage at position 36 was abolished in the reconstituted m 1 G36-and 2AP36-tRNAs. These results were consistent with the resistance of the guanosine analog to RNase T1 cleave in each case (Heinemann and Saenger 1983) . For MjtRNA Cys (Fig. 3B) , G37 in the wt tRNA was readily cleaved by T1, along with the cleavage markers at G34 of the anticodon loop and G18 and G19 of the D loop. While the cleavage markers remained the same in the reconstituted I37-tRNA and 2AP37-tRNA, the cleavage at position 37 was greatly reduced, consistent with the resistance of the guanosine analog to cleavage in each case. Similarly, analysis of dG37-EctRNA Leu and of dG37-MjtRNA Cys , the only substrates reconstituted by the two-piece ligation approach, confirmed the resistance of the dG residue in each tRNA to T1 cleavage (Supplemental Fig. S1 ; Hougland et al. 2008) . In all cases, the cleavage pattern between G37-tRNA and analog-containing tRNAs outside the region of interest was preserved, providing a strong indication that all reconstituted tRNAs had retained the sequence and structural framework of G37-tRNA.
In a second method of verification, each reconstituted tRNA was digested to completion by RNase A or RNase T1 to generate site-specific fragments, followed by analysis of these fragments by MALDI-TOF mass spectrometry (MS) or by the combination of nucleases and alkaline phosphatase, followed by LC/tandem-MS for detection of the analog. In the MALDI-TOF MS analysis, G37-EctRNA Leu was digested by RNase A, which cleaved after pyrimidines, to reveal the presence of a 35 AGGU 38 fragment at m/z 1344.17 (Fig. 4A) . The reconstituted 2AP37-tRNA contained a fragment at m/z 1328.20, and the reconstituted I37-tRNA contained a fragment at m/z 1329.18, with concomitant loss of the 35 AGGU 38 fragment at m/z 1344.17. These results are consistent with the replacement of G37 with 2AP37 and I37, respectively. Similarly, the reconstituted 2AP36-tRNA contained a fragment at m/z 1328.20, and the reconstituted m A ladder of digested fragments (L) generated by heating the tRNA in 50 mM NaHCO 3 for 5 min at 90°C is provided on the left. The cleavage fragments after G18 and G19 are marked by dots, while those after G36 and G37 are marked with arrows. (B) Denaturing PAGE analysis of T1 digestion of wt-, I37-, and 2AP37-modified MjtRNA Cys . A ladder of digested fragments (L) generated by heating the tRNA in 50 mM NaHCO 3 for 5 min at 90°C is provided on the left. The cleavage fragments after G18 and G19 are marked by dots, while those after G34 and G37 are marked with arrows.
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partial sensitivity of I to RNase T1 cleavage, as shown in denaturing PAGE (Fig. 3B) . Separately, the detection of the site-specific guanosine analog of each tRNA was confirmed by LC/tandem mass spectrometry (electrospray ionization) (see Supplemental Fig. S2 for an example). The only guanosine analog that was not clearly detected by LC/MS was S 6 G, due to the lability of the thio substitution to chemical degradation during the analysis. The presence of the S 6 G analog in each reconstituted tRNA (S 6 G37-EctRNA Leu and S 6 G37-MjtRNA Cys ) was verified with the thio-specific absorption peak at 342 nm, which was absent from the corresponding G37-tRNA (Supplemental Fig. S3 ). Together, the two complementary verification methods confirmed the presence of the intended analog in each reconstituted tRNA. Because the intended analog was introduced by chemical synthesis (except for dG), its incorporation into the full-length tRNA via ligation would be stoichiometric with the extent of ligation. The incorporation of dG was also quantitative, as determined from denaturing gel analysis of RNase T1 cleavage (Supplemental Fig. S1 ).
Kinetic analysis of methyl transfer to G37-substituted tRNA
The previously developed single-turnover assay (Christian et al. 2006 (Christian et al. , 2010b was used to evaluate the effect of each guanosine analog on the EcTrmD-and MjTrm5-catalyzed reactions. The enzyme concentration was maintained in molar excess of each tRNA substrate, while 3 H-AdoMet was saturating relative to the K d of the methyl donor for each enzyme (Christian et al. 2010b ). Reaction of methyl transfer was initiated upon rapid mixing of an enzyme with a mixture of tRNA and [ 3 H-methyl]-AdoMet, and the kinetics of m 1 G37-tRNA synthesis was monitored over time by the incorporation of the radioactive label into acid-precipitable counts on filter pads. All time courses of EcTrmD were well fit to a single exponential equation, and all data of k obs as a function of enzyme concentration were well fit to a hyperbola (Supplemental Fig. S4a,b) , validating the rapid equilibrium binding condition. The same criteria were met for kinetic analysis of MjTrm5 (Supplemental Fig. S4c,d ). For each enzyme-tRNA complex, analysis of the hyperbola fit from the average values of at least two sets of independent experiments revealed the dissociation constant K d of the complex and the maximum rate constant of methyl transfer (defined as k chem ), the latter of which is a composite term of both the rate constant of the pre-transfer conformational adaptation of the enzymetRNA-AdoMet complex and the rate constant of methyl transfer. The kinetic parameters of methyl transfer are summarized in Table 1 . The parameters of methyl transfer to G37-tRNA for EcTrmD [K d (tRNA) = 0.7 6 0.2 mM Base at 37 and T is the absolute temperature (310°K for TrmD and 328°K for Trm5). G analogs with a significant effect on kinetic parameters are shaded.
and k chem = 0.07 6 0.01 sec
À1
] and for MjtRNATrm5 [K d (tRNA) = 0.8 6 0.1 mM and k chem = 0.14 6 0.05 sec À1 ] were closely similar to values reported previously (Christian et al. 2010b) .
The dissociation constant measured by single-turnover kinetics was an estimation of ground-state binding. To measure ground-state binding independently, a titration experiment to measure the equilibrium binding of tRNA to EcTrmD or to MjTrm5, based on the intrinsic enzyme tryptophan fluorescence, was performed (Supplemental Fig. S5 ). G37-tRNA and two derivatives (I37-tRNA and 2AP37-tRNA) were measured for each enzyme in the presence of a saturating concentration of sinefungin, a nonreactive AdoMet analog. In all cases, the addition of tRNA to each enzyme resulted in a quench of fluorescence; analysis of the quench as a function of tRNA concentration was fit to a hyperbolic equation to determine the equilibrium K d . This analysis confirmed that the equilibrium K d of G37-tRNA for EcTrmD (1.5 6 0.7 mM) was closely similar to the kinetic K d (0.7 6 0.2 mM), and that the equilibrium K d of G37-tRNA for MjTrm5 (1.3 6 0.6 mM) was closely similar to the kinetic K d (0.8 6 0.1 mM) ( Table 1) .
Comparison of fluorescence and kinetic K d values showed that the I37-tRNA derivative for EcTrmD has a more favorable fluorescence K d (4.9 6 0.7 mM) than kinetic K d (13 6 2 mM), with the trend preserved for MjTrm5 (fluorescence K d of 0.42 6 0.06 mM and kinetic K d of 1.6 6 0.6 mM). In addition, the I37-tRNA derivative for MjTrm5 has a more favorable fluorescence K d of 0.42 6 0.06 mM as compared with G37-tRNA with the fluorescence K d of 1.3 6 0.6 mM. The discrepancy is likely a result of the use of sinefungin in fluorescence measurement versus AdoMet in kinetic measurement, indicating that kinetic measurement should provide more accurate information. Nonetheless, the difference between the two measurements for each tRNA was about twofold, indicating that the kinetic measurement was a valid approach to gain insight into equilibrium binding. In the case of 2AP37-tRNA derivatives, kinetic K d measurement for both enzymes was not feasible, due to the lack of a detectable activity under the experimental conditions, whereas fluorescence measurement was not limited by the lack of activity and indeed revealed a defective K d in both cases (4.2 6 0.7 mM for EcTrmD and 3.3 6 0.5 mM for MjTrm5).
Using the kinetic K d value of each reaction as the equilibrium binding constant, the catalytic efficiency of methyl transfer by each enzyme-tRNA complex was expressed as k chem /K d , and the effect of an analog on the transfer efficiency was expressed as the fold-decrease in k chem /K d relative to the efficiency of the wt-tRNA. The fold-decrease was then converted to the increase in the free energy of activation during the transition state of methyl transfer.
For methyl transfer to G37-substituted tRNA, a stronger deleterious effect on EcTrmD was observed relative to MjTrm5. For example, substitution of G37 with dG reduced catalytic efficiency by about sevenfold for EcTrmD (an increase of DDG by 1.2 kcal/mol) but virtually had no effect on MjTrm5. Substitution of G with I reduced catalytic efficiency by 420-fold for EcTrmD (an increase of DDG by 3.7 kcal/mol) but virtually had no effect on MjTrm5. The one exception was the substitution with S 6 G, which had no effect on EcTrmD but roughly a sevenfold effect on MjTrm5 (an increase of DDG by 1.2 kcal/mol). Notably, the 2AP37 substitution had the most profound effect on both enzymes, eliminating activity under the experimental condition.
The deleterious effect of I37 and 2AP37 substitutions prompted further analysis of the reaction product in each case. A reconstituted I37-or 2AP37-tRNA was used as a substrate for EcTrmD or MjTrm5, and the product of each reaction was analyzed by mass spectrometry. MALDI-TOF analysis detected methylation of m 1 I37-tRNA by both enzymes (Supplemental Fig. S6a,b) . Additionally, MALDI tandem MS analysis also revealed that the methylation occurred at I37 in tRNA by MjTrm5 ( Supplemental Fig.  S6c) ; a similar analysis of the EcTrmD product was not possible due to overlap of RNase A digestion fragments (see Supplemental Fig. S6a, lower panel) . For 2AP37-tRNA, mass spectrometry analysis detected no methylation for either reaction, consistent with the lack of activity in kinetic measurement. Indeed, the N 1 of 2AP was saturated in valence and would be inaccessible to methylation.
Kinetic analysis of methyl transfer to G36-substituted tRNA
The parameters for methyl transfer on G36-substituted tRNA substrates are summarized in Table 2 . Here the tRNA substrates were derived from EctRNA Leu for both enzymes, due to its possession of G36 and G37, which are required elements for TrmD and are recognizable by Trm5 (Fig. 1A) . With EctRNA Leu as the substrate, MjTrm5 displayed similar kinetic parameters [K d (tRNA) = 0.7 6 0.1 mM, k chem = 0.07 6 0.01 sec
À1
] as with MjtRNA Cys , indicating a lack of discrimination between the two sequences. Of interest was the m 1 G36 substitution-while the substitution severely reduced catalytic efficiency of EcTrmD by up to 90-fold (an increase of DDG by 2.8 kcal/mol), it had no effect on MjTrm5. The sensitivity of EcTrmD to other atomic substitutions of G36 was also evident; the most deleterious substitution was 2AP (with a decrease in catalytic efficiency by z70-fold and an increase of DDG by 2.6 kcal/mol), followed by substitution with I (a decrease by z10-fold and an increase of DDG by 1.4 kcal/mol), and followed by substitution with dG (a decrease of twofold and an increase of DDG by 0.4 kcal/mol).
G37 recognition in vivo
A key finding of the kinetic analysis is that both EcTrmD and MjTrm5 were sensitive to the ground-state binding parameter [K d (tRNA)] of substrates that contain a deleterious Base at 36 and T is the absolute temperature (310°K for TrmD and 328°K for Trm5). G analogs with a significant effect on kinetic parameters are shaded.
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Cold Spring Harbor Laboratory Press on October 17, 2017 -Published by rnajournal.cshlp.org Downloaded from guanosine analog (Tables 1 and 2 ). For example, when substitution of a functional group resulted in a negative effect, the effect was always associated with an increase in K d (tRNA), whereas in a few cases, it was associated with both an increase in K d (tRNA) and a decrease in k chem (e.g., substitution of G37 with I and 2AP for EcTrmD). The sensitivity of K d (tRNA) to analog substitution illustrates the importance of ground-state binding as an initial step of discrimination, which suggested that an evaluation of the dynamics of the binding interaction in vivo would be of interest. The objective was to gain insight into how these enzymes locate and then catalyze m 1 G37 synthesis on a tRNA substrate. This was addressed by determination of the cellular concentration of enzyme versus tRNA, because the ratio would impact on the nature of the binding interaction. We included all tRNA species possessing G36 and G37 as substrates for TrmD and those possessing G37 as substrates for Trm5. These criteria are held with few exceptions across all three biological domains based on analysis of tRNA databases between gene sequences and tRNA sequences isolated from cells.
The cellular concentration of EcTrmD in an E. coli cell lysate was determined by the AdoMet-dependent synthesis of m 1 G37-tRNA. As a substrate, the transcript of EctRNA Pro was chosen (Supplemental Fig. S7a) , because m 1 G37 synthesis on the tRNA is essential for bacterial cell growth (Nasvall et al. 2009 ) and key features of the synthesis had been previously identified (Christian and Hou 2007) . The cell lysate activity of m 1 G37-tRNA synthesis was corrected by two controls (Supplemental Material). First, its activity was compared with the linear profile of activity versus concentration of a purified recombinant EcTrmD to estimate the concentration of the enzyme in the cell lysate and corrected for the number of cells used and the fraction of cytosol in each cell. Second, its activity was subtracted from the activity of methyl transfer generated from a mutant tRNA substrate (e.g., G37C-tRNA) to eliminate methyl transfer to non-G37 positions due to the activity of other AdoMetdependent methyltransferases in the cell lysate. These corrections led to estimation of the cellular concentration of EcTrmD of z100 nM. To determine the cellular concentration of Trm5, we used the yeast Saccharomyces cerevisiae enzyme as a model, which was characterized previously (Lee et al. 2007 ) and could be detected in cell lysates generated in large quantities in normal growth conditions rather than in the extreme conditions of M. jannaschii. The substrate for ScTrm5 was the transcript of SctRNA Phe (Supplemental Fig. S7b ), which must be converted to m 1 G37-tRNA before maturation to W37-tRNA (where W is wybutosine) (Noma et al. 2006) . A similar analysis of the activity of m 1 G37-tRNA synthesis by a cell lysate of S. cerevisiae, normalized by comparison to a purified recombinant ScTrm5 and subtracted from methyl transfer to positions other than G37 in the G37C-mutant of SctRNA Phe , revealed a cellular concentration of z700 nM for ScTrm5.
The cellular concentration of tRNA substrates for EcTrmD was determined in two steps (Supplemental Material). First, total tRNA was isolated from E. coli, and, based on the number of cells and the volume of cytosol in each cell, the cellular tRNA concentration was calculated. Second, the cellular tRNA concentration was corrected for the fraction of tRNA gene sequences in the E. coli genome that encode the G36-G37 element (at 11%). This correction was based on the observation that the number of gene copies is proportional to the level of the tRNA (Percudani et al. 1997) . These corrections led to a value of 60 mM for the total tRNA cellular concentration recognizable by EcTrmD. A similar analysis of tRNA in S. cerevisiae and correction for the fraction that contained G37 (at 28%) returned a value of 60 mM for tRNA recognizable by ScTrm5, identical to the tRNA concentration for EcTrmD. For both enzymes, the low concentration (100-700 nM) relative to tRNA (60 mM) suggests the need to rapidly screen and identify substrates from among the entire tRNA population.
DISCUSSION
How TrmD and Trm5 recognize guanosine functional groups for synthesis of m 1 G37-tRNA is an important question that probes the consequence of their distinct structures. While the two enzymes lack structural similarity, this does not necessarily guide them to read different guanosine functional groups. Indeed, we recently showed that, while the two enzymes recognize the same functional groups of AdoMet, they exhibit substantial differences in the energetic costs of recognition of each (Lahoud et al. 2011 ). Such differences are attributable to their distinct structures. Here we introduced guanosine analogs to replace specific functional groups in the G36-G37 motif of tRNA as a way to probe how TrmD and Trm5 recognize the target G37. Using EcTrmD and MjTrm5 as the model enzymes, each of which exhibits high sequence homology with members of the respective families (z80%), we have identified subtle but important differences between the two enzymes. These differences offer new insight into the impact of their structural differences on recognition of the target base and provide a basis for enzyme-specific drug development. Recently, TrmD has been identified as a leading candidate among several highly promising new anti-bacterial targets, based on an extensive genomewise analysis of currently clinical challenging microbial pathogens (White and Kell 2004) . The difference in target recognition between TrmD and Trm5, together with the differences identified previously, should provide an important foundation upon which novel and highly enzymespecific drugs against TrmD can be developed. important features (Fig. 5) . First, at position 37, while TrmD is sensitive to both 2AP and I substitutions, Trm5 is sensitive to only 2AP substitution (Fig. 5A) . Second, at position 36, while TrmD discriminates m 1 G substitution by two orders of magnitude, Trm5 exhibits no discrimination (Fig. 5B) . Third, while TrmD most strongly discriminates against 2AP substitution at both G36 and G37, the discrimination at G37, the site of methyl transfer, is significantly stronger (Fig. 5C ). All three features have implications for the structural differences between the two enzymes.
In the recognition of G37, the common sensitivity between TrmD and Trm5 to 2AP substitution indicates a shared emphasis on two functional groups (the N 1 -proton and the O 6 -carbonyl of guanosine) (Fig. 6A,B) . However, the additional sensitivity of TrmD to I substitution reveals an extra emphasis placed on the N 2 -amino group of G37 (Fig. 6A) . The further sensitivity of TrmD to substitutions at G36 indicates yet another layer of structural constraint that is not observed for Trm5. We note that at G36, 1-methyl or 2AP substitution reduces the TrmD activity by z80-fold (Table 2) . Because the N 1 -proton of G36 is lacking in both substitutions, whereas the O 6 -carbonyl of G36 is lacking only in the 2AP substitution, the similar catalytic defect of the two substitutions suggests that it is the N 1 -proton of G36 that is a major determinant (Fig. 6C) . Importantly, while TrmD recognizes the N 1 -proton of both G36 and G37, quantitative analysis shows that the N 1 -proton of G37 is far more critical.
One interpretation for the requirement of extensive guanosine functional groups for TrmD is that this enzyme operates within a more rigid structure for catalysis, whereas Trm5 operates with more flexibility. Notably, the active site of TrmD is built at the bottom of a deep trefoil-knot structure that is stabilized by a large dimer interface formed by interdigitation between the two monomers of the enzyme. Such a deep-knotted structure is topologically constrained and is predicted by biophysical analysis to possess limited conformational space with significantly slower folding kinetics relative to an unknotted structure (King et al. 2010) . Indeed, the rigidity of TrmD is supported by the lack of noticeable movements of the enzyme in complex with the adenosine fragment of AdoMet relative to the structure in complex with AdoMet, whereas the flexibility of Trm5, derived from the more fluid Rossmann fold, is evident from the marked structural shifts upon binding adenosine relative to AdoMet (Lahoud et al. 2011) . Substantial flexibility of the Trm5 active site is also implied from the significant physical separation of the proposed general base (E185 in MjTrm5) from the N 1 -proton of G37 (by >5 Å ), as observed in the ternary crystal structure of the enzyme complex with tRNA and AdoMet (Goto-Ito et al. 2009; Christian et al. 2010a ).
Comparison with crystal structure
Kinetic analysis probes the rate-determining step of methyl transfer, revealing insight that is highly valuable for comparison with structural analysis. A ternary complex of MjTrm5-tRNA Cys -AdoMet is available (Goto-Ito et al. 2009 ), although a tRNA-bound ternary complex of TrmD is lacking. In the Trm5 ternary complex, the enzyme places the methyl group of AdoMet directly opposite from the N 1 of G37 within a short H-bonding distance (2.8 Å ), while stabilizing the O 6 -carbonyl and the N 2 -amino groups with the side chains of R145 and N265, respectively (Fig. 6D) . The stabilization by R145 (a strictly conserved residue in the Trm5 family) is suggested to neutralize the electron-rich O 6 -carbonyl after proton abstraction from the N 1 of G37 (Christian et al. 2006 ) (see a proposed model in Supplemental Fig. S8 ), while the stabilization by N265 (in the signature NLP loop of Trm5) reminiscent of the asparagine in the NPPY motif of other Rossmann-fold methyltransferases (Gong et al. 1997; Goedecke et al. 2001; Schubert et al. 2003) is to orient the N 1 of G37 for nucleophilic attack on the methyl group of AdoMet. Importantly, the short distance between N 1 of G37 and the methyl of AdoMet excludes the presence of an N 1 -proton, suggesting that proton abstraction has already taken place and that the structure is captured at a state that is poised for methyl transfer.
While the ternary crystal structure of Trm5 reveals enzyme interaction with three functional groups of G37 (N 1 , O 6 -carbonyl, and N 2 -amino), kinetic analysis reveals interaction with only two functional groups (N 1 , O 6 -carbonyl) (Fig. 6B,D) . The absence of the interaction with the N 2 -amino group in the kinetic analysis suggests that this interaction is not critical during the rate-determining step of methyl transfer. A recent activity-pH analysis of Trm5 has suggested that the rate-determining step involves the proton abstraction from the N 1 of G37 (Christian et al. 2010a ). Thus, a combination of kinetic and structural analysis provides unique insight into the temporal order of the Trm5 reaction, in which the enzyme interaction with the N 1 , O 6 groups of G37 occurs earlier during proton extraction, while the additional interaction with the N 2 -amino group occurs later when the enzyme is ready to perform methyl transfer. Such insight is significant for the understanding of reaction mechanism.
A model of G37 recognition in vivo
While we have shown that TrmD and Trm5 occupy distinct biological domains and adopt unrelated structures with dissimilar recognition of the AdoMet substrate, this work further elaborates on their differences by showing their distinguishable recognition of the G37 substrate. However, despite these differences, an estimation based on enzyme activity and tRNA fraction in E. coli for TrmD and in yeast for Trm5 suggests that that both enzymes exist in relatively low concentration (100-700 nM) as compared with the concentration (z60 mM) of their tRNA substrates in the respective cellular environment. Although the estimates cannot precisely determine the concentrations of these cellular components, the more than 100-fold molar excess of tRNA over enzyme in a cellular context is significant. Considering that each enzyme must screen among the total population of tRNA molecules to identify its substrates (z11% for EcTrmD and z28% for ScTrm5), this difference can be as large as 5000-fold for TrmD and 300-fold for Trm5. Because the synthesis of m 1 G37-tRNA is essential for growth in bacteria and in yeast (Bjork et al. 1989 (Bjork et al. , 2001 O'Dwyer et al. 2004; Baba et al. 2006) , the large excess of tRNAs demands that TrmD and Trm5 must rapidly screen these molecules and perform catalysis on correct ones to support growth.
Our kinetic analysis reveals that the parameter K d (tRNA) is consistently affected by various guanosine analogs (Tables 1  and 2 ), indicating that the recognition of appropriate guanosine functional groups is a major determinant in the ground-state binding of tRNA in the formation of the enzyme-AdoMet-tRNA encounter complex. This suggests a model in which the binding discrimination occurs directly at the G36-G37 site for TrmD and at the G37 site for Trm5 (Fig. 7) . The direct discrimination at the site of interest upon binding excludes an alternative model, in which these enzymes bind to a distal site and slide around the tRNA molecule to reach the site of interest. Thus, we propose that each enzyme would use the search engine for the distinguishable functional groups of guanosine(s) to identify tRNA substrates, while rejecting molecules that lack these groups. Upon recognition of a substrate and synthesis of m 1 G37-tRNA, each enzyme would release the product and continue the search for the next substrate. By performing rapid binding and release and by hopping from one tRNA to the next, TrmD and Trm5 would have the ability to rapidly assess the global state of m 1 G37-tRNA to support cell growth.
MATERIALS AND METHODS
Materials
EcTrmD with an N-terminal His tag and MjTrm5 with a C-terminal His tag were expressed in E. coli and purified by the metal affinity Ni 2+ resin (Redlak et al. 1997; Christian et al. 2004) . Unmodified fragments of EctRNA Leu and MjtRNA Cys were prepared by in vitro transcription based on DNA templates constructed from overlapping oligonucleotides and were gel-purified (Zhang et al. 2008) . RNA fragments containing a guanosine analog were purchased from Dharmacon, while the fragment containing m 1 G36 in EctRNA Leu was chemically synthesized on an Applied Biosystem (Broom et al. 1964; Agris et al. 1995) . [ 3 H-methyl]-AdoMet was purchased from PerkinElmer, while unlabeled AdoMet was purchased from Sigma-Aldrich. 
Synthesis of m 1 G36-containing fragment
Several versions of m 1 G phosphoramidite were prepared in which 29-hydroxyl groups were protected by TOM or TBDMS (Hoebartner et al. 2003; Porcher and Pitsch 2005) . However, because introduction of TOM or TBDMS as 29-hydroxyl protecting group always resulted in formation of significant amount of 39-hydroxyl isomer byproduct, we developed an alternative scheme (see Supplemental Fig. S8 ) by selectively protecting the 39 and 59-hydroxyls first with a cyclic di-tert-butylsilyl group, followed by protecting the 29-hydroxyl with TBDMS. Our synthesis started from guanosine free nucleoside (compound 1 in Supplemental Fig. S9 ). The N 1 -H of guanosine was first methylated regioselectively by treatment with methyl iodide in DMSO in the presence of potassium carbonate to give a crude product. Owing to the high polarity and poor solubility of N 1 -methyl guanosine free nucleoside, the crude product was treated with acetic anhydride in pyridine to give a 29,39,59-acetyl protected analog (compound 2) in 64% yield for two steps of reaction. The exocyclic amine was kept intact under the acetylation conditions. Treatment of 2 with isobutyryl chloride in pyridine led to the formation of a doubly protected di-isobutyramide intermediate (compound 3) in 87% yield. Treatment of 3 with sodium hydroxide in methanol removed all of the three acetyl groups and one isobutyryl group to give compound 4 in 90% yield. Selective protection of the 39,59-hydroxyls by treatment of 4 with di-tertbutylsilyl-bis(trifluoromethanesulfonate) in DMF followed by protection of the 29-hydroxyl by treatment with TBDMS-Cl and imidazole gave the intermediate compound 5 in 88% yield. Treatment of 5 with hydrogen fluoride-pyridine in THF removed the di-tert-butylsilyl protecting group selectively provided compound 6 in 92% yield. Selective protection of the 59-OH of 6 with DMTr gave 7 (82%) and subsequent phosphitylation of the 39-OH of 7 by standard procedure gave phosphoramidite 8 in 78% yield.
The m 1 G phosphoramidite 8 was then incorporated into a short 9-mer RNA sequence 59-CAXGUGUUA-39 (X = m 1 G) using double coupling. Wild-type phosphoramidites for A, C, G, U, and CPG carriers were purchased from Glen Research. The terminal DMTr protecting group was removed from the oligonucleotides by using the DMTr off mode. After each synthesis, the resin containing the oligonucleotide was transferred to a 2-mL vial and treated with 2.0 mL of 3:1 concentrated NH 4 OH:EtOH (ethanol) overnight at 55°C. The supernatant was collected and concentrated to dryness. The residue was then treated with a mixture of N-methyl pyrrolidinone, triethylamine, and triethylamine trihydrofluoride (0.3 mL, 6:3:4 [v/v/v]) for 90 min at 65°C. After it was cooled down for 10 min, NaOAc (3 M, 30 mL) was added followed by n-BuOH (1 mL) and the mixture cooled to À70°C for 1 h and centrifuged at 4°C (10,000g) for 20 min. The pellet was decanted and washed with 70% EtOH. The pellet was then dissolved in deionized water (1 mL) and purified by C18 reverse-phase HPLC with a gradient of 0%-20% acetonitrile in 0.1 M TEAA. The purified 9-mer RNA was further characterized by MALDI-TOF MS with the [MH] + = 2870.
Preparation of modified tRNA
Each reconstituted tRNA with a guanosine analog was constructed by enzymatic joining of RNA fragments as follows. To reconstitute dG37-EctRNA Leu and dG37-MjtRNA Cys , fragment I encoding nucleotides 1-36 was transcribed by T7 RNA polymerase with natural NTPs (final 4 mM each) and with guanosine (final 16 mM) as the initiator nucleotide, while fragment II encoding nucleotides 37-76 was transcribed similarly, except with dGMP (final 16 mM) as the initiator nucleotide. The two fragments (80 mM of fragment I and 10 mM of fragment II) were annealed by heating for 3 min at 80°C, followed by slow cooling to 37°C over 20 min, and were subsequently joined by T4 RNA ligase 1 (prepared from an overproducer clone [from S. Strobel], 5 mM) in 50 mM Tris-HCl (pH 8.0), 10 mM DTT, 10 mM MgCl 2 , and 1 mM ATP for 2 h in 37°C. The reconstituted full-length tRNA was confirmed by analysis of denaturing PAGE (12% with 7 M urea) and was excised from the gel and purified by extraction and ethanol precipitation. To reconstitute other guanosine-modified MjtRNA Cys , fragment I was made by in vitro transcription to encode nucleotides 1-36 with guanosine as the initiator nucleotide, fragment II was made by chemical synthesis to encode nucleotides 37-48, where a guanosine analog was placed at position 37, and fragment III was made by transcription to encode nucleotides 49-76. All three fragments (80, 10, 80 mM, respectively) were heat-cooled, aligned by a DNA splint (30 mM, encoding nucleotides complementary to positions 17-68 of the tRNA), and joined by T4 RNA ligase 2 (prepared from an overproducer clone [Nandakumar et al. 2004] , 5 mM). The ligation product was confirmed and purified as described above. To reconstitute other guanosine-modified EctRNA Leu , fragment I was made by in vitro transcription to encode nucleotides 1-35 with guanosine as the initiator nucleotide, fragment II was made by chemical synthesis to encode nucleotides 36-42, where a guanosine analog was placed at position 36 or 37, and fragment III was made by transcription to encode nucleotides 43-76. All three fragments (40, 10, 40 mM, respectively) were heatcooled, aligned by a DNA splint (30 mM, encoding nucleotides complementary to positions 16-62 of the tRNA), and joined by T4 RNA ligase 2 (5 mM) as described above. To reconstitute m 1 G36-EctRNA Leu , fragment I was made by transcription to encode nucleotides 1-33 with guanosine as the initiator nucleotide, fragment II was made by chemical synthesis to encode m 1 G36 in nucleotides 34-42, and fragment III was made by transcription to encode nucleotides 43-76. All three fragments (40, 10, 40 mM, respectively) were joined with the assistance of a DNA oligonucleotide (30 mM) by T4 RNA ligase 2 as described above.
RNase T1 digestion
Each tRNA was labeled at the 39 end by the Bacillus stearothermophilus CCA-adding enzyme (Cho et al. 2003) using [a- 32 P]ATP, and digested by RNase T1 (Roche; 109193) in 20 mM sodium citrate (pH 5.5), 1 mM EDTA, for 10 min at 50°C. The generated fragments were separated by denaturing 7 M urea/12% PAGE and analyzed by phosphorimaging.
Mass spectrometry
The procedures were based on previously published work (Crain 1990; Douthwaite and Kirpekar 2007; Giessing et al. 2011) . For MALDI-TOF mass spectrometry, each tRNA (1-2 pmol) was digested by RNase A (for EctRNA Leu transcripts) or by RNase T1 (for MjtRNA Cys transcripts) to completion, and the generated fragments were analyzed directly using 3-hydroxypicolinic acid as the matrix. Mass spectra were recorded in positive ion mode with a reflectron Time-of-Flight mass analyzer on a PerSeptive Voyager-DE STR instrument (Applied Biosystems) (Douthwaite and Kirpekar 2007) . LC-tandem mass spectrometry of tRNA nucleosides was performed according to a recently published procedure (Giessing et al. 2011) . After complete hydrolysis of the phosphodiester backbone (Crain 1990) , tRNA nucleosides were separated on a porous graphitized carbon column with direct analysis on an ion trap mass spectrometer (Agilent XCT Ultra 6340) operated in positive ion mode. Nucleosides were identified based on their chromatographic retention and their mass spectrometric fragmentation pattern. Comparison with standard compounds was performed when relevant.
Kinetic assays
Single-turnover assays for synthesis of m 1 G37-tRNA was performed according to a previously published procedure (Christian et al. 2006 (Christian et al. , 2010b . Each tRNA was heat-denatured for 3 min at 85°C and annealed for 15 min at 37°C before use. The annealed tRNA (0.5 mM or 0.25 mM, depending on the enzyme concentration to maintain enzyme-excess condition) was then mixed with saturating [ 3 H-methyl] of AdoMet (25 mM, specific activity 688-1050 cpm/pmol) in a reaction buffer and rapidly mixed with a specific enzyme in molar excess of the tRNA on the RQF-3 rapid chemical quench instrument. The reaction conditions for TrmD consisted of 100 mM Tris-HCl (pH 8.0), 24 mM NH 4 Cl, 4 mM DTT, 0.1 mM EDTA, 6 mM MgCl 2 , and 0.024 mg/mL BSA at 37°C, while the conditions for MjTrm5 consisted of 100 mM Tris-HCl (pH 8.0), 100 mM KCl, 4 mM DTT, 0.1 mM, EDTA, and 6 mM MgCl 2 at 55°C. Methyl transfer was monitored by the incorporation of [ 3 H-methyl] onto tRNA as acid-precipitable counts on filter pads. After correction for the filter quenching effect, the counts were calculated to determine the amount of methyl transfer. The time courses of methylated tRNA production were fit to the single exponential equation {y = m1 3 [1 À exp(Àm2 3 m0)], where m0 is the time, m1 is the plateau level of the product, and m2 is the k obs } to determine k obs . The data of k obs as a function of enzyme concentration were fit to a hyperbola equation [y = m1 3 m0/(m2 + m0), where m0 is the enzyme concentration, m1 is the k chem , and m2 is the K d ] to determine the parameters K d (tRNA) and the maximum rate constant k chem . The catalytic efficiency of each tRNA substrate was calculated from k chem /K d .
Determination of tRNA binding by fluorescence titration
The K d of TrmD or Trm5 binding to tRNA substrates was determined by monitoring the quenching of intrinsic tryptophan fluorescence at room temperature. Each sample was excited at 280 nm, and the emission was monitored at 300-400 nm at room temperature in 100 mM Tris-HCl (pH 8.0), 24 mM NH 4 Cl, 0.1 mM EDTA, 6 mM MgCl 2 , 4 mM DTT, and 0.024 mg/mL BSA for EcTrmD and 100 mM Tris-HCl (pH 8.0), 100 mM KCl, 0.1 mM EDTA, 6 mM MgCl 2 , and 4 mM DTT for MjTrm5. A mixture of enzyme (0.5 mM) and sinefungin (50 mM) was titrated with a series of tRNA transcript concentration (0.2-8.7 mM). The intensity at 330 nm was normalized (setting the initial intensity as 1), and the data were fit to the following equation using Kaleidagraph to obtain K d :
where F is the normalized fluorescence signal, F max is the normalized fluorescence signal at saturation, and S is the concentration of tRNA.
Purification of methylated tRNA for mass spectrometry analysis Methylated tRNAs were separated from unmethylated tRNAs using RNase H by the method previously described . Briefly, the tRNA sample after a methyl transfer reaction was subjected to RNase H cleavage in the presence of an oligonucleotide that only hybridized to the unmethylated fraction, rendering cleavage. The methylated fraction was resistant to hybridization or cleavage and was subsequently purified by denaturing PAGE. The sequence of the oligonucleotide specific for EctRNA Leu was 59-mAmCmAmCmUmAmAmCACCTmGmAmAG-39, while that for MjtRNA
Cys was 59-mAmAmGmGmCmGmG mATCTGmCmAmGmU-39, where ''m'' indicates 29-O-methyl backbone modification. These oligonucleotides were synthesized by IDT (Integrated DNA Technologies) and used directly without further purification. To perform the RNase H cleavage, a tRNA and its specific oligonucleotide (final 4 mM each) were mixed in TE buffer (10 mM Tris-HCl at pH 8.0 and 1 mM EDTA), and heated for 3 min to 80°C, followed by addition of the RNase H buffer for annealing for 15 min at 37°C. The cleavage reaction was started by addition of RNase H (final 0.4 mM) and continued for 20 min at 37°C, followed by analysis on a 12% denaturing PAGE on a Bio-Rad Mini Protein Gel system. The band that was protected from RNase H cleavage was extracted from the gel for MS analysis.
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